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Laser surface melting and alloying of type 304L
stainless steel
Part Il Corrosion and wear resistance properties
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Department of Materials and Metallurgical Engineering, New Mexico Institute of Mining and
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Laser surface melting (LSM) and alloying (LSA) of type 304L stainless steel with molybdenum
and tantalum have been studied for improvement of corrosion and wear-resistance
properties. These properties were seen to be affected by the presence of 3-ferrite, produced
by the high cooling rate in LSM, as well as by compositional modifications introduced in
molybdenum- and tantalum-alloyed LSA layers. Passivation and pitting-resistance
properties were seen to be enhanced with increase in d-ferrite content in LSM samples.
Excellent corrosion properties were observed for the molybdenum-alloyed layer. The
tantalum-alloyed layer had similar corrosion properties to those achieved with LSM of 304L.
The improvement of abrasive wear resistance of the laser-processed samples with increase

in hardness was found to be very small compared to the untreated alloy.

1. Introduction

In the last two decades, laser surface modification of
metals and alloys has found increasing use in engin-
eering applications to enhance surface properties
through the alteration of surface chemistry and struc-
ture. Laser processing techniques, such as laser surface
heating (LSH), laser surface melting (LSM), and laser
surface alloying (LSA), are widely used for surface-
layer modifications. In LSH, the surface is heated
above its transformation temperature, and then
cooled rapidly to room temperature to form a hard-
ened surface layer [1]. In LSM, a high-power laser
beam rapidly melts a thin surface layer, and the rest of
the material provides self-quenching at cooling rates
of up to 10*-108 K s~ *. This modified microstructure,
melted and rapidly solidified, improves the corrosion
and wear resistance of some alloys [2-8].

For some alloys these properties cannot be im-
proved by LSM alone because of the associated low
temperatures of phase transformation, for example
in austenitic stainless steels, or because of the absence
of suitable phase transformation, and, in these cases,
LSA becomes an alternative to LSM. In LSA an
alloying element is introduced into the substrate sur-
face by different techniques, such as coating, particle
injection, etc., and then melted with a high-energy
laser beam [4,9-12]. After mixing and resolidifica-
tion, a thin surface layer is produced with different
chemical composition and properties from the sub-
strate material.

In Part I, we showed that LSM of 304L increased
the 8-ferrite content in the microstructure up to
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10 vol % and through LSA with molybdenum and
tantalum of 304L, 5-ferrite became the major phase
[12]. In this study, the effect of increased &-ferrite
content on corrosion and wear-resistance properties
were investigated.

2. Experimental procedure

Laser source, materials, alloying, chemical analysis,
optical and transmission electron microscopy were
explained in Part I [12].

2.1. Scanning electron microscopy

The surfaces of stress corrosion cracked (SCC) and
abraded wear samples were analysed using a Hitachi
model HHS-2R scanning electron microscope (SEM)
equipped with a Tracor Northern Model TN 5400
energy dispersive spectrometer X-ray microanalyser
(EDX).

2.2. Microhardness testing

Hardness changes after laser surface melting and
alloying were determined with a Leco M-400 Vickers
microhardness tester. Hardness measurements were
taken from the transverse section of the laser surface
melted and alloyed layers. The load used was 200 gf
for all samples, maintained for 15 s.

2.3. Corrosion tests
Corrosion tests were carried out in a Princeton
Applied Research (PAR) standard corrosion cell with
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a PAR Model 173 potentiostat/galvanostat and PAR
Model 175 universal programmer. The potentiostat
was equipped with a PAR Model 376 logarithmic
current converter. The output was recorded with
a PAR X-Y recorder Model RE0074. A saturated
calomel electrode (SCE) was used as a reference
electrode.

The samples, with an area of 1 cm?, were cut from
the laser-melted and alloyed plates, and the surfaces
were polished with 600 grit SiC paper to remove any
extraneous layer. Solutions were deaerated with nitro-
gen gas for 1 h, and then were immersed in the solu-
tion and deaerating continued for a further 0.5 h.
Corrosion potentials were measured after 1 h immer-
sion of the samples. This was followed by poten-
tiodynamic polarization at a scan rate of 1mVs~?,
Pitting potential is defined here as a potential at which
current density increases rapidly. Passivation and pit-
ting tests were carried out in I1n H,SO, and 3.5 wt %
NaCl solutions, respectively. These tests were per-
formed at room temperature.

Weight-loss determination for as-received, LSM
and LS molybdenum- and tantalum-alloyed samples
were carried out in 10% FeCl; - 6H,O solution. Ap-
proximately 3 cm? area of the LSM or alloyed layer
was sliced from the substrate, and care was taken to
ensure that any unmelted or unalloyed substrate ma-
terial was removed. Exact weight loss was measured
for the laser-treated layers. They were weighed with an
accuracy of 0.001 g before and after immersion in the
test solution. Sheet samples were suspended in the
solution by teflon tape that passed through a hole on
the top of the sample. Tests were conducted for 96 h
and in a constant-temperature bath of 22 °C. After the
test was completed, samples were cleaned in an ultra-
sonic cleaner to remove corrosion products. Each
sample was examined with an optical microscope.

The stress corrosion cracking (SCC) test was only
conducted for the as-received and laser surface melted
samples. The initial composition and mechanical
properties for the alloy used in the SCC test are given
in Table 1. Laser surface melting was performed at
a laser power of 4 kW and a scan speed of 7mms™*
under nitrogen gas. This gave a melt depth of 700 pm.

The laser surface melting process for the SCC samples

is shown schematically in Fig. 1. Cylindrical specimen
dimensions were 12.7 cm length and 0.76 cm diameter.
Melt paths were made parallel to the major axis of the
sample to avoid any notch effect due to melt paths
during testing. To ensure 50% overlapping for the
melt paths, the specimen was rotated 10.8° about its
major axis after each melt path was completed. As
a result, the melted zone covered 32% of the total
cross-sectional area of the specimen.

Following laser surface melting, surface roughness
of the samples was removed by polishing with 600 grit
SiC paper; the samples were then cleaned with meth-
anol in the ultrasonic cleaner and washed with distil-
led water. The test solution was neutral 0.5 wt % NaCl
at a temperature of 95 °C. During testing, temperature
was controlled by immersed heaters and the solution
was exposed to ambient air through a condenser. An
MTS-810 type mechanical testing machine was used
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TABLE 1 (a) Chemical composition and (b) mechanical proper-
ties (annealed at 1065 °C) of as-received AISI 304 stainless steel used
for SCC test

(@)

C Mn Si S P Cr Ni Mo
0072 146 0.68 0022 0024 1819 902 0.56
Co Cu N Fe

0.10 0.34 0.078 Bal

(®)

UTS (MPa) 02% YS MPa) %EL (in) % RA BHN
653 376.5 46.4 76.5 180
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Figure 1 Laser surface melting of SCC test samples.

for the tests. Strain rate was 1.6 x 10" s~ !, The test
was started after the specimen was brought into con-
tact with the solution. All fracture surfaces were
examined with SEM.

2.4. Wear tests
Dry sand—rubber wheel abrasion tests were performed
by Falex Corporation, Aurora, IL, on as-received,
LSM, and LSA samples according to ASTM Standard
Practice G-65 Procedure A. The 2.5cm x 7.5 cm X
1.25cm samples were prepared, and final surface
polishing was made with 600-grid SiC sand-paper.
Samples were weighed before and after the test to
determine the weight loss, and then the volume loss
was determined.

3. Results and discussion

3.1. Corrosion resistance tests

To determine the technological usefulness of laser
surface melting and alloying (with molybdenum or
tantalum) on 304L austenitic stainless steel, corrosion



TABLE II Passivation potentials and currents of the samples in
1N H,80, solution (deaerated and 25 °C)

Alloy Depth E.. Torit
(um) (mV versus SCE) (LA cm™~?)

As-received - —450 655

LSM*? 0 —350 N

: 80 —348 32

170 —350 50

250 —347 23

400 —342 28

510 —331 26

LSM® 650 —326 21

Mo-alloyed - —307 0

Ta-alloyed - —303 10

2 At the surface.
b At the maximum melt depth.

100

Critical current density ( pA cm™2)
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Figure 2 Changing of critical current densities in the melted layer.

resistance tests were performed. Passivation, pitting,
and weight-loss tests were conducted on as-received,
laser surface melted, and alloyed (molybdenum or
tantalum) samples, while the stress corrosion cracking
test was performed only for as-received and laser sur-
face melted samples.

3.1.1. Laser surface melted 304L

Surface melting decreased the critical current density
for passivation significantly compared to the as-
received substrate, and the corrosion potential moved
100 mV in the noble direction for the laser-treated
sample (Table II). 3-ferrite content in the melted zone
was observed to increase toward the boundary be-
tween the melted zone and the substrate [12]. The
effect of increasing d-ferrite content on passivation
behaviout of the LSM layer was investigated by re-
moval of successive layers of 80-100 pum from the
surface (Table II). The critical current density for
passivation was observed to decrease, and reached its
lowest value at maximum melt depth, indicating easy
passivation behaviour with increasing 8-ferrite con-
tent (Fig. 2).

Figure 3 d-ferrite network in LSM type 304L microstructure.

TABLE III Pitting and corrosion potentials of the samples tested
in 3.5 wt % NaCl deaerated solution at 25°C

Alloy E&f Ep?
As-received —163 85
LSM® —230 275
LSM* —290 445
Mo-alloyed —174 None
Ta-alloyed —125 225

2mV versus SCE.
b At the surface.
¢ 400 pm layer removed.

The improvement in corrosion-resistance proper-
ties, easy passivation and increase in pitting potential,
observed for LSM can be attributed to an increasing
o-ferrite, redistribution and/or removal of MnS inclu-
sions, and primary d-ferrite solidification mode.

As seen in Fig. 3, the increase in d-ferrite content in
the laser-melted layer leads to the formation of a semi-
continuous network of this phase in the microstruc-
ture. It is well known that the chromium content in
rapidly solidified 304 stainless steel is higher in
d-ferrite than in the austenite phase [13]. On the other
hand, the chromium content in the alloy does not
change following laser melting. Therefore, a possible
explanation for the decrease in critical current density
for passivation in LSM samples is an increase in the
chromium content in the oxide film as a result of the
semi-continuous d-ferrite network in the micro-
structure. This effect is clearly observed in our experi-
mental results, shown in Fig. 2, where critical current
density for passivation decreases sharply and reaches
its lowest value at maximum melt depth.

The pitting potential increased substantially follow-
ing laser surface melting (Table I1I). Pitting tests were
conducted on the sample before and after the removal
of about 400 um of the melted layer after each test.
The highest pitting potential was recorded at the max-
imum melt depth where the d-ferrite content was
highest.

Pitting corrosion resistance of LSM type-304 was
previously investigated by T. R. Jervis et al. [10]. They
observed the removal or redistribution of inclusions in
the laser-melted layer of 304 stainless steel and
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Figure 4 Distribution of MnS inclusions in substrate and melted
region of LSM type 304L.

suggested this to improve pitting corrosion resistance.
Redistribution of MnS inclusions is observed in our
samples, and is shown in Fig. 4. This optical micro-
graph is taken of a surface parallel to the rolling
direction, wherein elongated MnS inclusions are
clearly seen. In the laser-melted region, in contrast,
MnS particles are fewer and are in the form of very
small inclusions.

Another factor that could be contributory in the
present case is the solidification mode experienced
and its effect on impurity segregation. It is well doc-
umented in the literature that solubility of sulphur in
d-ferrite is higher than in austenite [ 14]. During solidi-
fication of primary d-ferrite, relatively less sulphur is
rejected into the liquid. This results in less sulphur
segregation into the d-ferrite/y boundary. Therefore,
a higher pitting resistance would be achieved if a pri-
mary O-ferrite solidified structure is formed in the
laser-melted layer of 304 stainless steel, because of the
simultaneous trapping of sulphur and removal and/or
redistribution of MnS in the melted layer. The amount
of MnS formed would be considerably reduced if the
primary solidification phase is d-ferrite. This has been
confirmed by La Barbera et al. [13] who determined
quantitatively the MnS distribution in electron-beam
surface-melted 304 stainless steel. Their results indi-
cate that, as the MnS content in the melted layer
decreased with melt depth, é-ferrite content increased
and reached a maximum value there.

Weight-loss tests, conducted in neutral 10%
FeCl; - 6H,O solution, indicate higher weight loss for
the laser surface melted samples than the as-received
ones (Table IV). There are two possible explanations
for this excessive weight loss. The first one, which also
applies to both as-received and tantalum-alloyed sam-
ples, is that corrosion potentials of these samples in
ferric chloride solution are higher than their pitting
corrosion potentials. The second explanation for the
higher corrosion rate observed in LSM samples could
be caused by galvanic corrosion. Because the micro-
structure of the laser-melted layer contains a network
of d-ferrite phase, with a higher chromium content,
a galvanic cell with the austenite phase (containing less
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TABLE IV Weight loss in FeCl; - 6H,0 solution for 96 h at 22°C

Alloy (gm~2d™Y) (%)
As-received 23.64 6.3
LSM 33.04 11.3
Mo-alloyed 0 0

Ta-alloyed 29.11 7.2

chromium) in a highly oxidizing ferric chloride solu-
tion could lead to more metal dissolution.

The following observations were also made on
the laser-melted and as-received samples tested in
3.5 wt % NaCl solution. First, pit density for the LSM
samples is found to be lower at maximum melt depth.
Also, most of the pits are located on the surface of
minimum melt depth and in overlapped regions. This
could possibly suggest easy pit-forming inclusions seg-
regating to these regions and the surface; this has also
been observed elsewhere [11]. One very important
observation is that pit density is higher in the laser-
melted samples than the as-received ones, but pit sizes
are much larger for the as-received samples.

Table V shows the result of slow strain rate stress
corrosion cracking (SCC) tests on the as-received and
LSM samples, tested in air and 0.5 wt % NaCl solu-
tion. LSM processing increased only the yield and
ultimate tensile strengths; however, reduction in area,
elongation, and time to failure, characteristic indica-
tions of SCC, were reduced for laser surface melted
samples tested both in air and in 0.5 wt % NaCl
solution. ’

3.1.2. Laser surface molybdenum-alloyed
304L

Molybdenum alloying of 304L stainless steel drasti-

cally improved the corrosion properties tested in this

study, namely, passivation, pitting, and weight loss.

The alloy spontancously passivated (no active peak
visible) in deaerated 1n H,SO, solution, and the cor-
rosion potential, E.,,, shifted to the noble direction as
compared to the as-received and LSM samples (Table
II). Also, there was no pitting potential observed up to
oxygen evolution potential (Table III). The molyb-
denum-alloyed layer showed zero weight loss in
a highly aggressive 10% ferric chloride solution
(Table IV).

The above results suggest that molybdenum was
uniformly distributed in the alloyed layer. In addition,
intermetallic phases such as sigma, chi and Laves
phases, which have a deleterious effect on the localized
corrosion resistance of molybdenum-alloyed stainless
steels [15, 16], were not seen to form in our molyb-
denum-alloyed samples. These factors resulted in im-
proved corrosion resistance.

It should be clear that the improvement in pitting
resistance of molybdenum-alloyed samples strongly
depends on molybdenum distribution between the
phases. Therefore, the nature of the solid-state trans-
formation from o-ferrite to austenite becomes very
critical. It seems that solid-state transformation in



TABLE V Comparison of SCC test results of as-received and LSM samples tested in 0.5 wt % NaCl solution at 95 °C (strain rate 1075~ 1)

Sample YS*(MPa) UTS?(MPa) RA®(%) E%(%) TTE(h)
304 As-received 305.6 530.5 748 43 154
304 LSM 381 581 70 36 139

25% (+)f 9.5% (+) 64% (=)  163% (—) 9.7% (—)

2Yield strength.

® Ultimate tensile strength.
° Reduction in area.

9 Elongation.

¢ Time to failure.

f(+) increase.

£ (—) decrease.

molybdenum-alloyed sample is less likely to be diffu-
sion-controlled, even though the sample is exposed to
a continuous higher heat input during laser alloying.
This is because any diffusion-controlled transforma-
tion results in large compositional variation between
parent and product phases. In our case, it would
have meant poor pitting resistance for the
molybdenum-alloyed sample; this is contrary to our
findings.

The improved pitting properties for laser surface
molybdenum-alloyed type 304 stainless steel was re-
ported by McCafferty and Moore [4]. The alloy com-
position that contained 9 wt % Mo did not pit in
0.1 M NaCl solution. More importantly, similar re-
sults were observed in the present study even with
4.33 wt % Mo in the alloyed layer.

Excellent corrosion properties observed for molyb-
denum-alloyed samples can be attributed to primary
8-ferrite solidification mode and the presence of
molybdenum in the austenite phase [12]. Previous
conventional welding studies on steels containing
molybdenum, such as AISI 316 or 317 with primary
austenitic solidification mode, showed molybdenum
segregation to interdentritic regions and reduction
of pitting resistance at much lower values than that of
the parent alloy of the same composition [17, 18].
Heavy pit formations were observed at molybdenum-
depleted dendrite centres. Nakao et al. [18] demon-
strated that these welds can regain their pitting
resistance through laser surface melting. They attri-
buted this improvement to the partition of molyb-
denum and chromium to the auvstenite phase due to
rapid solidification. It is very clear that not only does
the molybdenum content in the alloy influence the
pitting resistance, but also that its distribution be-
tween the phases is a primary factor as well. Laser
surface melting or alloying ensures minimum segrega-
tion of alloying species, because of the high cooling
rates that can be achieved, and this, in turn, was ob-
served to lead to property enhancements detailed here.

3.1.3. Laser surface tantalum-alloyed 304L
sample

Corrosion results indicate that tantalum alloying only

improved the passivation behaviour of 304L by mov-

ing E,,, in the more noble direction and by lowering

the critical current density for passivation in IN
H,SO, solution (Table 1I}. Other corrosion properties
did not improve much in comparison to other alloys.
For example, pitting potential in 3.5 wt % NaCl solu-
tion is only slightly better than for the as-received
304L stainless steel (Table III). The tantalum-alloyed
layer also showed poor performance in 10% ferric
chloride solution similar to the LSM material
(Table IV).

The following points can be argued to characterize
the poor corrosion performance of tantalum-alloyed
layers. First, tantalum has less solubility in both aus-
tenite and d-ferrite phases; second, the tantalum con-
tent in our alloyed layers is close to 7 wt %; thus
the excess amount of tantalum must be contained in
tantalum-rich phases and/or precipitates [12]. From
weight-loss experiments, it seems likely that galvanic
cells possibly formed between these tantalum precipi-
tates and regions depleted of tantalum, and this accel-
erated metal dissolution in ferric chloride solution.

3.2. Wear resistance test
Abrasive wear tests were conducted on the as-re-
cetved, LSM, and LSA samples. Table VI shows the
results of dry-sand abrasive wear tests. They all exhibit
similar weight losses, although the tantalum-alloyed
sample, which is the hardest one among them, has
the lowest wear loss. Consistent with these test results,
the abraded surfaces of all samples show continuous
grooves indicating almost no resistance to movement
of abrasive particles during testing (Fig. 5). It is clear
that the wear mechanism observed for the samples
is the formation of grooves, which are produced by
shearing, ploughing or chipping of hard particles and
further detachment of the materials from the edges of
these grooves by repeated unidirectional motion of the
abrasive particles. '
Hardness evaluations made for the longitudinal and
transverse sections of abraded surfaces proved that
hardness was increased in each case following wear
tests (Table VII). These increases were about 9% and
5% for molybdenum- and tantalum-alloyed samples,
respectively. However, higher hardness increases, up
to 50%, were measured for the LSM and as-received
samples. These hardness measurements were taken as
close to the abraded surface as possible. Furthermore,
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TABLE VI Dry sand-rubber wheel abrasion test results

AR LSM LS-Mo LS-Ta
Mass loss (g) 2.1 2.13 2.08 2.02
(sD) + 0.037 0.034 0.047 0.04
Density (g em™3) 7.82 7.83 793 8.43
Volume loss (mm?) 268.5 2721 2623 239.6
Wheel diameter (in.? 8.498 8.533 8.575 8484
(sD) + 0.093 0.024 0.001 0.056
Adjusted volume loss (mm?)® 283.9 286.9 275.8 253.2

2 After test.

wheel diameter before test (9 in
® Measured volume loss x © in)

wheel diameter after test

Figure 5 Scanning electron micrographs of the abrasive wear test samples: (a) AR, (b) LSM, (c) LS molybdenum-alloyed and (d) LS

tantalum-afloyed.

they decayed to original hardness values within about
a 5mm distance from the wear surface.

It is reported that wear resistance of austenitic
stainless steels is high in abrasion, and this 1s at-
tributed to the higher work-hardening rate of these
alloys [19]. The present test results also show a high
work-hardening rate for type-304L austenitic stainless
steel. The higher work-hardening behaviour of as-
received and LSM samples is also evident from their
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surface morphologies {Fig. 5a,b). These samples lose
their ductility because of higher work-hardening,
which causes harder debris formation. These debris
particles are easily removed, which results in a smooth
surface morphology.

However, there was only a little work-hardening
observed for molybdenum- and tantalum-alloyed
samples (Table VII). This is because, in both
samples, bcc d-ferrite is the major phase. In bcc



TABLE VII Hardness test results of the samples before and after wear test

As-received LSM Mo-alloyed Ta-alloyed
Hardness before wear test (VHN) 200 + 2 220 + 10 304 + 31 345 +20
Hardness after wear test (VHN) 285 4+ 15 275+ 18 331+5 362 +£ 8
Wear-test-induced hardening (%) 42.5 25 9 5
50 300
A 290
1 % | A
E A
< g 280 -
) b 4 A
£ ©
c 2549 & o
£ = 270 -
S E ]
B S
= | 260 -
A
B 260 T T T T T T T
275 300 325 350 375
0 T T T _2
H (kg mm™)
0 50 100 g

Ferrite content ( vol % )

Figure 6 The effect of ferrite content on work-hardening of the
samples: (M) LS Ta, (@) LS Mo, (@) LSM, (A) as-received.

metals, dislocation cross-slip is much easier as com-
pared to fcc metals; this gives rise to a low work-
hardening rate for bcc metals. Fig. 6 shows the
change of work-hardening with volume per cent of
d-ferrite. The work-hardening decreases sharply with
increasing o-ferrite content.

Fig. 7 shows the relationship between wear volume
and hardness of the samples after the wear test. As
predicted by theory [20], wear loss is inversely related
to hardness. These hardness values are taken after the
wear test, and therefore reflect the work-hardening
effect for the samples. For example, an LSM sample
that had a 10% higher hardness initially than an as-
received sample showed the highest wear loss. This is
because LSM material exhibits less work-hardening
as compared to the as-received.

Allen et al. [19] demonstrated that a 45% cold
reduction increased the hardness of type 304L stain-
less steel by almost 75%. On the other hand, the strain
levels at the worn surfaces were higher than for the
conventional deformation process [21]. These obser-
vations possibly explain the origin of the higher hard-
ness that we observed in our as-received sample. Eyre
[16] indicated that the maximum hardness produced
by wear should be considered, rather than the hard-
ness of the unworn surface, to judge the enhancement
of wear resistance in a material. Thus, higher hard-
nesses for our alloyed samples before the test may not
be critical for a comparison of the improvement in this

Figure 7 The change of volume wear loss with hardness (hardness
values measured after the wear test).

property because the increases among them after
the test were so small, as compared to the L.SM and
as-received samples.

4. Conclusions

1. General observations. Dry-sand abrasive wear
resistance of the laser-processed samples was found to
be the same as that of the as-received alloy. Improve-
ment in abrasion resistance with hardness was very
small.

2. Laser surface melting,

(a) The corrosion properties of passivation and pit-
ting were improved. The improvements are attributed
to primary d-ferrite solidification mode and redis-
tribution of MnS inclusions. Critical current density
for passivation decreased with increase in d-ferrite
content. Pitting potential was higher at maximum
melt depth where- 6-ferrite content was higher. A
higher weight loss was determined in 10% ferric chlor-
ide solution.

(b) SCC resistance of LSM was found to be slightly
lower than that of the as-received alloy.

3. Laser surface alloying with molybdenum. The
corrosion properties of passivation and pitting were
greatly improved. There was no pit formation in
3.5 wt % NacCl solution, and no weight loss in ferric
chloride solution. This suggests no molybdenum de-
pletion in the austenite phase.

4. Laser surface alloying with tantalum. The cor-
rosion properties of passivation, pitting and weight
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loss were found to be similar to those of the LSM
material indicating there is no tantalum-alloying con-
tribution to these properties.
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